Abstract: Data collected from 12 stations in Daya Bay in different seasons in 2002 revealed the relation between water quality and phytoplankton response patterns. The results showed that Daya Bay could be divided into wet and dry seasons by multivariate statistical analysis. Principal component analysis indicated that temperature, chlorophyll a and nutrients were important components during the wet season (summer and autumn). The salinity and dissolved oxygen were the main environmental factors in the dry season (winter and spring). According to non-metric multidimensional scaling, there was a shift from the large diatoms in the dry season to the smaller line-chain taxa in the wet season with the condition of a high dissolved inorganic nitrogen and nitrogen to phosphorous concentration ratio. Nutrient changes can thus alter the phytoplankton community composition and biomass, especially near the aquaculture farm areas. There was no evidence of an effect of thermal water from the nearby nuclear power plants on the observed changes in phytoplankton community and biomass in 2002.
Introduction
Anthropogenic activities have been considered to be the most important factor for the degradation of marine environments, especially in bays and estuarine zones, over the last centuries [1] [2] [3] [4] . The main environmental pressures were thought to be pollution from excess nutrient loading, which resulted from agricultural, urban and suburban runoff, wastewater, and air pollution [5] [6] [7] . While various indices based on nutrient availability for aquatic primary producers were developed to quantify the water quality [8] [9] [10] , nutrient levels alone may not be sufficient to indicate the eutrophication or degradation of the environment for some coastal areas, as there are many other factors that determine the ultimate level of the nutrients within an estuary or bay, including tidal exchange, freshwater inflows and water residence time [8, 11, 12] . Phytoplankton communities are important sentinels of environmental changes, since they integrate the effects of increased nutrient loads, and they can be more sensitive to the combined impacts of stressors than a single stressor [13] [14] [15] [16] . In the coastal zone, the water quality and its biological communities are submitted to enormous spatiotemporal variations, caused by natural factors and anthropogenic activities. Identifying the key variables cannot be easily achieved by traditional ecology methods. In contrast, multivariate statistical analysis through clustering and ranking based on species and environment data could successfully identify the key factors from the environmenal variables in the marine environment and other aquatic ecological research [1, [17] [18] [19] [20] [21] [22] .
Daya Bay (DYB) is located in the subtropical ocean, and it is one of the largest and most important gulfs along the southern coast of China. As a subtropical coastal bay, and the dominant ecotypes of phytoplankton in DYB are alongshore warm-water species, highly abundant during spring and summer, and the second dominant ecotypes are marine warm-water species and eurytopic species, found with higher frequency during winter and autumn. Bacillariophyta constitute more than 70% of the community, and Dinophyta is the second dominant community [23] . The ecological environment of DYB has been significantly impacted by human activities [1, 24] . Nutrients changes strongly influence the phytoplankton in this area [24] . Red tide events have occurred more frequently in the waters near Aotou harbor and Dapeng Cove. The phytoplankton structure and its relationships with the environmental factors in DYB have been widely studied [17, [24] [25] [26] . In the aquaculture farm areas, the conditions of water temperature, salinity, as well as quick recycling of nutrients, play important roles on the high abundance of phytoplankton and frequent blooms in DYB [17, 25, 27] . Near the nuclear power plants, the concentration of chlorophyll a was higher than the concentration around other areas [28] , and phytoplankton abundance went up distinctly during the end of autumn and the beginning of winter. The amount of dinoflagellates and warm water species generally increased and net-phytoplankton generally decreased near the nuclear power plants [29] . Previous studies on the phytoplankton were focused only on part of the DYB area, and no detailed studies have been carried out on seasonal variation of environmental factors and patterns of phytoplankton community response in all the areas of the bay. The aim of the present study was to determine the environmental status and the mechanisms of phytoplankton response patterns using multivariate statistical techniques in order to identify and study the relationship(s) between the water quality and phytoplankton community structures, and also to identify the anthropogenic effects of the nuclear power plants and fish farming.
Materials and Methods

Sampling Design and Analysis of Samples
Daya Bay is a semi-enclosed bay, located at 114°29'42"-114°49'42"E and 22°31'12"-22°50'00"N ( Figure 1 [17, 24] ).
Seasonal surveys were carried out in 2002 at 12 stations ( Figure 1 ) [17, 24] . A Quantar_Water Quality Monitoring System (The Hach Company, Loveland, CO, USA) was employed to collect the data for temperature, pH, salinity and depth of water at all stations. Seawater samples for nutrients and chlorophyll a were collected and analyzed according to "The specialties for oceanography survey" (GB12763-91, China).
Data Analysis
Environmental data was auto-scaled in order to avoid misclassification due to wide differences in data dimensionality. The data was normalized with mean and variance of zero and one, respectively. The eigenvalues and eigenvectors from the covariance matrix of original variables were obtained by principal components analysis (PCA). The eigenvalues of the PCs are the measure of their associated variance, the participation of the original variables in the PCs is given by the loadings, and the individual transformed observations are called scores [1] .
For non-metric multivariate analyses of community structure, a similarity matrix was constructed from ln(x + 1) transformed phytoplankton abundance data, using the Bray-Curtis coefficient of similarity and sample interrelations were mapped by non-metric multidimensional scaling (NMDS) [20] . Axes scores of NMDS were accepted as the best descriptors of phytoplankton community structure in two-dimensional space. The correlation of primary symmetric matrix (phytoplankton community) with all subsets of second (environment factors) matrix was calculated in addition to NMDS analysis [20] . The calculation was carried out using MATLAB R2008b (Mathworks Inc., Natick, MA, USA).
Results
Seasonal and Spatial Variation of Environmental Parameters
The lowest seasonal average temperature in DYB was recorded in winter (17.9 °C), and the highest occured in summer (27.8 °C; Figure 2 -temperature). The surface temperature was 1-2 °C higher in S5 near the nuclear power plants than in the other areas of DYB, due to the discharge of the waste warm water from the nuclear power plants. The nutrient concentration distributions and Chl-a are shown in Figure 3 . The concentrations of nitrate (NO 3 -N) were the highest in summer ( Figure 3 ). In the dry season, NO 3 -N decreased from the mouth to the inner bay. In contrast, NO 3 -N decreased with the distance offshore (except for S 1) during the wet season, as the precipitation and runoff in-puts increased the nutrient flux. During the wet season, the concentrations of NO 3 -N were higher at S3, S8 and S11 (near the aquaculture farming area) and at S5 (near the nuclear power plants) than other stations, which revealed the impacts of human activities in these areas. NH 4 -N and NO 2 -N followed a similar distribution trend. The spatiotemporal distribution of PO 4 -P differed with the dissolved inorganic nitrogen, with high concentrations in spring, although the precipitation was very low in spring. During the wet season, the concentration of PO 4 -P decreased from the mouth to the inner bay ( Figure 3 ). Silicate showed a similar seasonality as dissolved inorganic nitrogen, and the highest value was at S11 (data not shown). The ratios of DIN to PO 4 The concentrations of Chl-a were the lowest in spring, and the highest in summer (Figure 3 ). Higher Chl-a concentrations were observed in the aquaculture zone (S3, S8, S11) than in other areas of the bay, with maximum at S8 in summer. There was a negative correlation between the Chl-a concentration and the concentration of PO 4 The loadings of the four retained PCs are shown in Table 1 . On the surface, PC1 (56.2% of the variance) was mainly contributed by T (with a loading of 0.7754), and also indicated that temperature was one of the most important indicators in 2002. PC2 (12.4% of the variance) was mainly contributed by salinity, DO, Chl-a and SiO 3 -Si. The loading of salinity was −0.4744, while Chl-a gives a positive loading with 0.5779, indicating that there was a negative correlation between salinity and Chl-a. PC3 and PC4 were mainly contributed to by BOD 5 , COD and DIN, which revealed the anthropogenic influences. Compared with the loadings of the parameters at the surface, the loadings of TP, NO 3 -N, NH 4 -N and NO 2 -N at the bottom contributed more weight on the first four PCs. PC2 was contributed by TP, PO 4 -P and Chl-a at the bottom. Based on the results of the principal component analysis, we conclude that temperature, salinity and DO were the main parameters influencing the environment, and the Chl-a was the most important biological variable. The temporal variation patterns on the surface and bottom exhibited great contrasts between the wet season and the dry season due to the huge (several hundred-fold) precipitation difference. The PCs not only identified the seasonal variation of principal environment components, but also discriminated between natural and anthropogenic effects on changes in the environment factors.
The spatial difference of DO, salinity and temperature (except near the nuclear power plants) was not significant in winter. According to the principal component analysis (PCA) results ( Figure 5 and Figure 6 ), the scores of all stations at the surface were relatively uniform in winter, and distributed in the third quadrant of the surface (Figure 5b ) and in the first quadrant of the bottom, respectively (Figure 6b ). Dynamic mixing and the decrease of temperature in winter led to higher DO. According to Figure 5 and Figure 6 , quadrantal distributions of DO variable loading and the stations scores in winter were within the same quadrant, which indicated that DO contributed to PCA more than the other environment factors in winter. The precipitation in 2002 was lower compared with other years, especially in spring, which resulted in a higher average salinity. According to the PCA result, the scores of all stations in spring were scattered in the same coordinate space with the salinity loading ( Figure 5 and Figure 6 ). The concentration of Chl-a had a significantly negative correlation with salinity (r = −0.818, p < 0.01), coinciding with the negative distribution along the PC Axis II between salinity and Chl-a (Figure 5a and Figure 6a ).
During the wet season, the temperature was higher than during the dry season. Moreover, high precipitation and human activities lead to high nutrient input into DYB, inducing high Chl-a. The temperature, nutrients and phytoplankton biomass were the most important environmental factors in the wet season. They contributed more weight in the PCA results ( Figure 5 and Figure 6 ). Both the scores of wet season and the loadings of nutrients, temperature and Chl-a were correlated with the first axis positively on the surface ( Figure 5 ) and negatively at the bottom (Figure 6 ), respectively. The PCA could identify the impact of anthropogenic activity on the phytoplankton biomass. For instance, both Chl-a variable and the scores of the su8, su11 su10, a8, and a3 were most negatively correlated with the axisⅡ in the wet season on the surface (Figure 5a, b) . It revealed that the above stations were influenced by the aquaculture farm and freshwater runoff, characterized by a higher level of Chl-a than the other stations around the bay. According to Figure 6b , S1, S2 and S4 were exceptional stations in summer. S1 is located near the west side of the bay mouth and had very low DO and high COD, BOD 5 , TP and PO 4 -P. S2 is located on the east side of the mouth and featured the strongest stratification with low temperature and high salinity in the bottom layer. Consequently the scores for S1 and S2 at the bottom were different from those of other stations in summer (Figure 6b ). The bottom water at S4 was near the intake of the DNPP cooling system. The entrapment of organisms into the pumps and pipes of the cooling system of DNPP could be lethal, as proved by lower Chl-a than the other nearshore areas, therefore the score of S4 in summer and autumn was negatively selected by Axis II (Figure 6b ). In summer, the score of S5 in summer was the most positively related with first axis (Figure 5b) , corresponding to the temperature in Figure 5a , as the most important factor contributed to the first PC axis. It indicated that the temperature was the key factor influencing the environment at S5.
Phytoplankton Community Structure
The Bray-Curtis coefficients of similarity and sample interrelations were mapped by non-metric multidimensional scaling analysis. The seasonal stations are separated in the plane. The phytoplankton community showed wet and dry season contrasts (stress, 0.16) along the first axis of NMDS ordination (Figure 7) . The first axis of NMDS was significantly correlated with Chl-a (p < 0.05), temperature (p < 0.05) and DO (p < 0.01). The second axis was correlated with salinity (p < 0.05), DIN (p < 0.05), PO 4 -P (p < 0.05), SiO 3 -Si (p < 0.05), and DIN:PO 4 -P (p < 0.01). During winter, the low temperature and high salinity of DYB due to intrusion of the sea water enhanced the growth of eurytopic species and seawater species in DYB (Group A). Group A was mainly composed of Chaetoceros eibenii, Thalas-siothrix fraenfeldii and Bacillaria paradoxa Gmelin. Chaetoceros eibenii was the most abundant species and its abundance was significantly correlated with DO (r = 0.840, p < 0.01), PO 4 -P (r = −0.683, p < 0.05) and the DIN:PO 4 -P ratio (r = 0.588, p < 0.05). In spring, the dominant species was ascribed to Group B. Chaetoceros lorenzianus was the most dominant, and it's abundance was significantly correlated with NO 2 -N (r = 0.811, p < 0.01), NH 4 -N (r = 0.982, p < 0.01) and PO 4 -P (r = 0.733, p < 0.01). In Dapeng and Aotou Cove, the phytoplankton communities of S3, S4 and S8 (number 3, 4, 8, 15 and 20 in Figure 7) were different from the other parts of the bay during the dry season.
The wet season in DYB was characterized by high temperature, low salinity and high content of nutrients, such as DIN, and these three factors determined the dominant species exhibiting nitrophilicity characteristics and tolerance to high temperature and lower salinity during the wet season (Group C). The main phytoplankton ecotypes were alongshore species, such as Pseudo-nitzschia delicatissima, Skeletonema costatum and Thalassionema nitzschioides. The density of Pseudo-nitzschia delicatissima, the most dominant species in summer, showed a significant correlation with NO 3 -N (r = 0.593, p < 0.05), NO 2 -N (r = 0.830, p < 0.01), NH 4 -N (r = 0.636, p < 0.05) and DIN:PO 4 -P (r = 0.810, p < 0.01). Skeletonema costatum and Thalassionema nitzschioides were the dominant species in autumn, and were ascribed to Group D. The density of Skeletonema costatum was significantly correlated with NO 3 -N (r = 0.710, p < 0.01) and NH 4 -N (r = 0.707, p < 0.01.) during autumn.
Discussion
PCA and NMDS could distinguish the natural and anthropogenic factors that influenced the phytoplankton community. The hydro-physical environment factors (temperature, salinity) controlled the phytoplankton ecotype, and the nutrients were related with the biomass and the composition community, especially in the wet season.
Previous studies demonstrated that nutrients were the main factors determining the concentrations of chlorophyll a and phytoplankton community in coastal waters [30] [31] [32] . In case of Daya Bay, the highest chlorophyll a concentrations were recorded at station S8, and the next at S11 and S3. Those stations are located in the fish and shellfish cage culture areas. Nutrient levels were higher at these stations than elsewhere, indicating that the release of amount of nutrients from fish farming stimulated the growth of phytoplankton. These results are also supported by the affinity between Chl-a and the nutrients in the loadings distribution (Figures 5-6 ). There is a large thermal plume extending 8-10 km south along the coast from the nuclear power plants [28] . According to the score distributions and the loadings of environment factors, the score of S5 was most relevant with the loading of temperature. It indicated that the direct effect of the nuclear power plants on the environmental changes was due to the increase in the temperature [24] . The biomass and the density of phytoplankton were lower at S4 and S5 than the elsewhere near the shore area (S3, S8 and S11) in this study. This result was also supported by Wang et al. [24] . This revealed that there were more contributions to the phytoplankton biomass in Daya Bay by aquaculture than by the effect of the nuclear power plants. Although the community structure of S4 in summer (number 28 in Figure7) was different from the others based on the NMDS results, low species diversity and evenness were recorded at S4, but also at S2 and S3 in summer [23] , indicating that the differences between S4 and the other stations may not only be the result of the effect of the nuclear power plants. Previous studies showed that the Chl-a biomass and the community structure were significantly impacted by the nuclear power plants [28, 29] . In contrast, the influence of the nuclear power plants on the phytoplankton biomass and community was not obvious in 2002. Tang et al. reported that the concentration of Chl-a at S4 was the highest in the entire bay in 1997 and 1998 [28] , and a strong El Niño event also occurred in this period. It was tentatively put forward that there may be an impact for serious El Niño events on the phytoplankton in 1997 and 1998 in Daya Bay [17, 24, 33] . Liu et al. reported that the amount of dinoflagellates and warm water species generally increased and net-phytoplankton generally decreased near the nuclear power plants from 1991 to 2001 [29] , but these phenomena reported by Liu et al. [29] , also occurred in the entire bay from 1982 to 2002 [24] . This may be resulted by a shift from low DIN: PO 4 -P to high ratios of DIN: PO 4 -P and Si:P in recent years. It should be noted that the bottom water at S4 was near the intake of the cooling system of the nuclear power plants, and entrapment of organisms in the pumps and pipes of the cooling system of the nuclear power plants could be lethal and affect the measured populations. Long time scale monitoring is needed to assess the potential effects of the nuclear power plants on the environmental and organism changes.
The seasonal succession of dominant species revealed a shift from large species during the winter and spring to a progressive dominance of the smaller chain-forming taxa such as Pseudo-nitzschia delicatissima, Skeletonema costatum (<20 µm), and the shift was depended on the ecological habit, temperature, salinity and nutrient variation. In winter and spring (the dry season), the dominant species were marine warm-water species and eurytopic species. In contrast, the phytoplankton community structures at S3 S4, S8 and S11 were different from the other stations by NMDS, whereby the community composition was mainly alongshore warm-water species, and the no significant dominant species were identified [23] . In spring, the concentrations of PO 4 -P and NH 4 -N were higher than those in winter. These factors were important environmental components according to PCA in spring because the loading of PO 4 -P and NH 4 -N and the station scores in spring were both correlated with the PC Axis Ⅱ, and they were the key candidates in the environmental factors for the growth of the spring dominant species according to the NMDS results. In the wet season, the values of DIN:PO 4 -P increased to about 40, contrasting with the low levels (17.89 in winter and 28.43 in spring) in the dry season, and also indicating that PO 4 -P became the limiting nutrient [24] . Under this limited PO 4 -P condition, the dominant species were the smaller chain-forming taxa Pseudo-nitzschia delicatissima, Skeletonema costatum and Thalassionema nitzschioides, which also showed that nitrophilicity and tolerance to high temperature and lower salinity during the wet season. It is known that under continuous nutrient limitation the smaller phytoplankton species appear to be better competitors for nutrients and light than larger ones due to their surface/volume ratio [34] .
The composition of dominant species and the sequence of dominance have changed in Daya Bay. The changes of nutrient concentration may be the key factors accelerating the progress of the succession of dominant species in Daya Bay. The primary dominant species during summer in 1983 and 1991-1995 were the Chaetoceros genus [26, 29] . During the summer of 2002, the dominant species were Pseudo-nitzschia delicatissima, Skeletonema costatum and Thalassionema nitzschioides. The genus Chaetoceros was dominant during spring. Under the condition of high concentration of DIN and high ratio of DIN:PO 4 -P, Pseudo-nitzschia delicatissima and Skeletonema costatum exhibited stronger competition for nutrient uptake than Chaetoceros [35] . The concentrations of nitrate and DIN: PO 4 -P were lower in spring than in summer, which may explain why the numerical dominance of Chaetoceros deceased from spring to summer. The magnitude of changes in the ecological environment in Daya Bay were obvious during the past two decades, especially with respect to the total nitrogen, phosphorus, and the ratio of DIN:PO 4 -P [17] . The requirement of nutrients for deferent species varied according to individual physical and ecological features, thereby demonstrating that the nutrients played an important role in determining the variations in the phytoplankton density and the species succession in Daya Bay.
Conclusions
In summary, Daya Bay could be divided into wet and dry seasons by the multivariate statistical analysis based on environmental variables. According to the PCA results the important components included temperature, chlorophyll a and the nutrients during the wet season (summer and autumn), and salinity and dissolved oxygen in the dry season (winter and spring). According to non-metric multidimensional scaling, the phytoplankton community was different from the wet season to the dry season. A succession from the large diatoms in the dry season to the smaller line-chain taxa in the wet season occurred under the conditions of the high DIN and DIN:PO 4 -P concentration. Nutrients varied spatially and temporally, and altered the phytoplankton community composition and biomass. In the areas influenced by anthropogenic activity (S3, S8 and S11), the higher nutrients led to higher content of phytoplankton biomass. There was no evidence for an effect of thermal water from the nuclear power plants on the changes in the phytoplankton community and biomass in 2002. The larger scale petrochemical plants near DYB were only developed in recent years and their influence on the environmental changes should be addressed in future research.
